Pyrimethamine Impairs Host Resistance to Infection with Listeria monocytogenes in BALB/c Mice. Freund, Y. R., Riccio, E. S., Phillips, S. J., Dousman, L., and MacGregor, J. T. (1998). ToxicoL Sci. 42, 91-98. Increased mortality has been observed when HTV-infected patients were treated with pyrimethamine (Pyr) as prophylaxis for toxoplasmic encephalitis, suggesting that Pyr might possess immunosuppressive activity. To analyze this in an animal model, immune function was assessed in BALB/c mice using a battery of in vivo and ex vivo assays and an in vivo model of host resistance to Listeria monocytogenes infection. Treatment for 30 days with 60 mg/kg Pyr decreased circulating white blood cell and lymphocyte counts but not neutrophil, red blood cell, or platelet counts or hemoglobin levels. Splenic B cell percentages and lipopolysaccharide-induced B cell proliferation decreased significantly after treatment with 60 mg/kg Pyr, as did levels of anti-keyhole limpet hemocyanin (KLH) IgM in serum 7 days after immunization with KLH. Anti-KLH IgG levels 14 days after immunization were not affected. Percentages of splenic T cells and macrophages and T cell proliferation in the presence of concanavalin A or allogeneic cells were not decreased by Pyr treatment. An ex vivo assay of T-cell-mediated cytotoxicity was also unaffected. When host resistance to L. monocytogenes infection was assessed, dramatic increases in mortality were observed in Pyr-treated compared to control mice. Increased numbers of L. monocytogenes organisms were observed in liver and spleen of Pyr-treated mice, compared to controls. The reduction in Listeria resistance, which is T cell mediated, contrasts with the fact that no significant changes in T-cell-mediated immunity were observed. It is possible that Pyr affects parameters of innate immunity, which were not monitored in this Study. O 1998 Society of Toxicology.
Increased mortality has been observed when HTV-infected patients were treated with pyrimethamine (Pyr) as prophylaxis for toxoplasmic encephalitis, suggesting that Pyr might possess immunosuppressive activity. To analyze this in an animal model, immune function was assessed in BALB/c mice using a battery of in vivo and ex vivo assays and an in vivo model of host resistance to Listeria monocytogenes infection. Treatment for 30 days with 60 mg/kg Pyr decreased circulating white blood cell and lymphocyte counts but not neutrophil, red blood cell, or platelet counts or hemoglobin levels. Splenic B cell percentages and lipopolysaccharide-induced B cell proliferation decreased significantly after treatment with 60 mg/kg Pyr, as did levels of anti-keyhole limpet hemocyanin (KLH) IgM in serum 7 days after immunization with KLH. Anti-KLH IgG levels 14 days after immunization were not affected. Percentages of splenic T cells and macrophages and T cell proliferation in the presence of concanavalin A or allogeneic cells were not decreased by Pyr treatment. An ex vivo assay of T-cell-mediated cytotoxicity was also unaffected. When host resistance to L. monocytogenes infection was assessed, dramatic increases in mortality were observed in Pyr-treated compared to control mice. Increased numbers of L. monocytogenes organisms were observed in liver and spleen of Pyr-treated mice, compared to controls. The reduction in Listeria resistance, which is T cell mediated, contrasts with the fact that no significant changes in T-cell-mediated immunity were observed. It is possible that Pyr affects parameters of innate immunity, which were not monitored in this Study. O 1998 Society of Toxicology.
PyTimethamine (Pyr; 2,4-diamino-5-(p-chlorophenyl)-6-ethylpyrimidine) is a dihydrofolate reductase (DHFR) inhibitor that blocks the conversion of dihydrofolate to tetrahydrofolate ("Physicians Desk Reference," 1994) . Pyr has been used 1 Supported by NIAID Contracts NIAID-DAIDS-N01-AI-15111 and NIAID-DAIDS-N01-AI-653O7. 2 To whom correspondence should be addressed at SRI International, 333 Ravenswood Avenue, Menlo Park, CA 859-3342. E-mail:yvonne_freund@qm.sri.com. extensively to treat opportunistic infections such as malaria and is one of the primary therapeutics against toxoplasmosis and toxoplasmic encephalitis (Israelski et al., 1990) .
In a study performed by the Community Program for Clinical Research on AIDS (CPCRA), HTV-infected patients treated with Pyr as a primary prophylaxis against toxoplasmic encephalitis (TE) showed a higher mortality rate than patients treated with a placebo (Jacobson et al., 1994) . Since the occurrence of TE was low in both treatment groups, it was postulated that Pyr might have inhibited hematopoietic stem cell or T lymphocyte proliferation. To determine whether treatment with Pyr suppressed the immune response in a murine model, we performed an immunotoxicology screening study using BALB/c mice. This included a battery of in vivo and ex vitro tests of immune function and a study of the effect of Pyr on host resistance to Listeria monocytogenes.
The battery of assays was modeled after the guidelines of the National Toxicology Program (NTP) (Luster et ai, 1988) and included measurement of splenic lymphocyte phenotypes, T and B cell proliferation in response to mitogens, T cell proliferation in response to allogeneic cells, and in vitro T-cellmediated cytotoxicity. The ability of mice to mount an antigenspecific antibody response to keyhole limpet hemocyanin (KLH), a T-ceU-dependent antigen was also determined by measuring serum IgM and IgG levels using an enzyme-linked immunosorbent assay (ELISA).
Host resistance to L. monocytogenes was selected as the model in which to study the effect of Pyr, because resistance to this organism (like resistance to TE) is mediated primarily through T cells rather than antibodies (Bradley, 1995; North, 1973; Gazzinelli et ai, 1992) as well as through the innate immune response (Rogers et al., 1995) . An unexpected finding in this study was that Pyr caused significant increases in mortality after infection with L. monocytogenes although it did not have significant effects on the functional assays of T-cellmediated immunity.
from Sigma (St. Louis, MO). Lipopolysacchande (LPS) was purchased from List Biologies (Sunnyvale, CA). Brain-heart infusion broth was obtained from Difco (Detroit, MI) and tryptic soy agar with 5% defibrinated sheep blood (TSA-SB) was from BBL (Cockeysville, MD). RPM1 1640 with 25 mM Hepes was obtained from BioWhittaker (Walkersville, MD). Iscove's modified Dulbecco's medium (IMDM), fetal calf serum (FCS), L-glutamine, penicillin, streptomycin, 2-mercaptoethanol (2-ME), streptavidin red 670, and monoclonal antibodies to CD3, CD4, and CD8 were obtained from Gibco BRL (Grand Island, NY). Fluorescein isothiocyanate (FlTC)-conjugated monoclonal antibodies to Mac-1 and CD45R were obtained from Boehringer Mannheim (Indianapolis, IN). [me (/iv/-3 H]Thymidine (6.7 Ci/mmol) was purchased from NEN Life Sciences Products (Boston, MA). Peroxidase-conjugated goat antimouse IgG and goat anti-mouse IgM were obtained from Jackson ImmunoResearch (Bar Harbor, ME). Alum was purchased from E. M. Sargeant (Clifton, NJ) and methoxyflurane was from Pitman Moore (Mundelein, IL).
Animals/housing.
Four-to five-week-old female BALB/c mice were obtained from The Jackson Laboratories (Bar Harbor, ME) and quarantined before initiation of the study. Three animals were selected randomly for a quarantine necropsy, which included examination of all tissues and determination of tissue weights of the brain, kidneys, liver, and spleen. Feces were examined for endo-and ectoparasites. Mice were approximately 5 weeks of age at study initiation and were housed five per cage in polycarbonate cages. Animal rooms were environmentally controlled with a 12-h light/dark photocycle. All animals received food and water ad libitum. All mice were monitored daily for general appearance, behavior, appetite, elimination, mortality, and clinical signs of ill health. Individual body weights were determined on Day 0, once each week thereafter, and at study termination.
Administration of test articles. Test articles were administered in two distinct protocols for measuring general effects on immunological parameters and host resistance:
1. To measure the effect of treatment with Pyr on specific immune functions, six mice per treatment group were treated with Pyr (30 or 60 mg/kg) or vehicle (0.5% MC) by oral gavage for 30 days. Pyr was administered in 0.5% MC in a volume of 5 ml/kg. CY, a known immunosuppressive agent, was used as a positive control and administered by intrapentoneal (ip) injection of 25 mg/kg in 0.9% saline daily for 14 days prior to analysis. This dose of CY had been found to be optimal for inducing immunosuppression in previous experiments. Results after CY treatment were compared to results in untreated mice.
2. To evaluate effects on host resistance, mice were treated with Pyr or vehicle at the doses described above daily by oral gavage for 21 days before infection with L monocytogenes and for 14 days following infection. As a positive control, mice were treated with CY as a single 200 mg/kg ip dose I day before infection (Morahan et ai, 1984) . Intrapentoneal saline injection was used as a control for CY.
Analysis of dosage preparations. Suspensions of Pyr were prepared weekly in 0.5% MC. Pyr in the suspensions was quantitated by high-performance liquid chromatography (HPLC) using a Spectra-Physics Model 8700 liquid chromatograph. Aliquots of dose suspensions were diluted in acetonitrile and 0.025 M HC1 and chromatographed on a reverse-phase ODS column (ODS II, HiChrom, 4.6 X 250 mm, Regis Technologies, Inc., Morton Grove, IL). The mobile phase was 0.1 M KH 2 PO 4 (pH 3.5)/acetonitrile (60/40, v/v) at a flow rate of 0.8 ml/min. Pyr was detected at 229 nm and under these conditions eluted at 6.1 min. Its estimated purity was 99.8%. Dose suspensions were shown to be stable for longer than 1 week.
Hematological analysis. Blood samples for clinical laboratory studies were obtained from the retroorbital sinus under methoxyflurane anesthesia after mice had been treated for 30 days with Pyr. All hematology procedures were performed on whole blood samples with 1 mg/ml EDTA as an anticoagulant. The following parameters were evaluated: red blood cell (RBC) count, white blood cell (WBC) count, WBC differentia] count, platelet count, reticulocyte count, and hemoglobin level. Blood samples were analyzed by Consolidated Veterinary Diagnostics, Inc. (CVD, West Sacramento, CA).
Cell lines and reagents. The murine EL-4 cell line, a dimethyl-1,2,-benzanthracene-induced lymphoma from a C57BL/6N mouse, was obtained from the American Type Culture Collection (ATCC, Rockville, MD) and maintained in RPMI 1640 with 8% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 ng/ml streptomycin.
Spleen cell isolation.
Spleens were weighed and cell suspensions were prepared using a Dounce homogenizer in medium containing RPMI 1640 with 25 mM Hepes, 2 mM L-glutamine, 100 U/ml penicillin, and 100 ng/ml streptomycin Red blood cells were lysed using a solution containing 0.16 M ammonium chloride, 0.01 M potassium bicarbonate, and 0.096 M EDTA.
Lymphocyte phenotyping. Spleen cell phenotypes were analyzed by staining spleen cell suspensions with monoclonal antibodies to T cell, B cell, and macrophage/monocyte surface antigens conjugated with FTTC, phycoerythrin (PE), or biotin. Analysis was performed on a Coulter Epics Elite flow cytometer (Hialeah, FL). T cells were labeled with FTTC-conjugated antibodies to CD3, biotin-conjugated antibodies to CD4, and PE-conjugated antibodies to CD8 and counted using three-color analysis. Staining of biotin-conjugated CD4 + cells was developed using streptavidin red 670. Macrophages/monocytes stained with FTTC-conjugated monoclonal antibodies to Mac-1, and B cells stained with PE-conjugated antibodies to the CD45R molecule, were counted in a two-color analysis. Granulocytes and natural killer (NK) cells are also detected with antibody to Mac-1.
Spleen cells (10 6 cells) from each mouse were pelleted and Fc receptors were blocked by resuspending cells on ice in the appropriate isotype-matched antibodies for 30 min. Cells were again pelleted and resuspended in the appropriate antibodies at 1 ^g/10 6 cells in 100 ^il volume and then incubated on ice, protected from light, for 30 min. Cells were washed twice with phosphate-buffered saline (PBS) containing 1% bovine serum albumin and 0.01% sodium azide and stained with propidium iodide to distinguish live from dead cells Ten thousand cells from each sample were analyzed using the Immuno-4 data analysis package (Coulter).
Assay of mitogen-induced T and B cell proliferation.
Spleen cells were plated in 96-well, round-bottomed microtiter plates at 1 X 10 5 cells per well in 100 fil of proliferation medium containing IMDM, 5% FCS, 2 mM Lglutamine, 100 U/ml penicillin, 100 fig/ml streptomycin, and 5 X 10~5 M 2-ME. Con A or LPS was diluted in the above medium and added to four replicate wells so that the final concentrations per well were 2.5 jig/ml and 10 /ig/ml, respectively, in a total volume of 200 y\. Optimum concentrations of mitogens were determined in preliminary experiments. Cells were incubated in the absence or presence of mitogens for 72 h at 37°C in a humidified 10% CO 2 incubator. The effect on DNA synthesis was measured by [ 3 H]thymidine incorporation (1 jxCi per well) during the last 6 h of incubation. Cells were harvested using a Tomtec Harvester 96 (Tomtec, Orange, CT), and incorporation of radioactive thymidine was measured on a Betaplate liquid scintillation counter (Wallac Instruments, Gaithersburg, MD). Cs-irradiated allogeneic EL-4 cells per well of a 96-well, round-bottomed plate. Cells were incubated in a total volume of 200 ^.1 of proliferation medium for 4 days at 37°C in a humidified 10% CO 2 incubator. DNA synthesis in cells from control and drug-treated mice was measured by uptake of [ 3 H]thymidine as described above, during the last 16 to 18 h of incubation. Cells were harvested and counted as above.
Mixed lymphocyte reactivity (MLR)
T-cell-mediated cytotoxicity. Spleen cells (1 X lO'/ml) from Pyr-treated and control BALB/c mice were incubated with irradiated (1500 rad) allogeneic EL^i cells (2 X 10 3 /ml) for 5 days in a mixed lymphocyte culture at 37°C in 10% CO 2 with humidity. Viable effector cells were isolated by Ficoll-Paque gradient centrifugation (Pharmacia, Gaithersburg, MD) and tested for their ability to lyse 31 Cr-labeled EL-4 cells in a 4-h chromium release assay according to the methods of Brunner et al. (1968) . The decrease in 3l Cr release in test samples compared to 3l Cr release in controls was a measure of the toxic effect of the test agent on cell-mediated lysis.
IgM and IgG production after in vivo immunization with KLH.
Separate sets of six mice per treatment group were treated with Pyr for 30 days. On Day Downloaded from https://academic.oup.com/toxsci/article-abstract/42/2/91/1685765 by guest on 12 April 2019 27 after the start of the treatment, mice were immunized ip with 0.2 ml of 50 /xg/ml KLH and 1.0 mg/ml alum in PBS. Peripheral blood was collected from the retroorbital sinus on Days 7 and 14 after immunization. IgM levels on Day 7 and IgG levels on Day 14 were measured by ELISA as follows: Wells of 96-well high-protein-binding ELISA plates (Coming Glassworks, Corning, NY) were coated overnight with 25 Mg/ml KLH in PBS. After the wells were washed with 0.05% Tween 20 in PBS, blocked with 5% skim milk, and washed again, diluted mouse serum was added to each well (three replicates per dilution). Wells were incubated at 37°C for 1 h and washed as above, and peroxidase-conjugated goat anti-murine IgG or goat anti-murine IgM was added. After a 1-h Incubation at 37°C, the chromagen, OPD, was added with 0.03% hydrogen peroxide in 0.01 M citrate buffer. After 30 min, 2 N sulfunc acid was used to stop the reaction. Color generated by enzymatic cleavage of the chromagen was monitored using a Vmax kinetic microplate reader (Molecular Devices, Menlo Park, CA). OD 49O values at each dilution were compared to determine the effect of treatment.
L. monocytogenes. L monocytogenes, strain 19303, was obtained from Dr. Kimber White (Medical College of Virginia, Virginia Commonwealth University, Richmond, VA). Colonies were isolated and used to seed a large stock cultured in brain-heart infusion broth (BHI). Aliquots were frozen from this stock. For each experiment, a frozen aliquot was inoculated into a 50-ml flask containing BHI and grown overnight at 37°C. The turbidity of the culture was monitored, and when the optical density at 600 run (OD^) indicated a cell concentration associated with log growth (based on previously constructed growth curves), the culture was diluted to the concentration desired for infection.
On Day 21 of treatment with Pyr, L. monocytogenes was administered to mice (14-18 per group) via injection in a 0.2-ml volume into the lateral tail vein. The infecting dose was 2, 4, or 8 X 10 3 colony-forming units (CFU) of L. monocytogenes. For determination of the actual number of bacteria administered to the animals, the dosing solution was diluted and plated on tryptic soy agar with 5% defibrinated sheep blood (TSA-SB, No. 21261). Colonies were counted after a 24-h incubation period at 37°C.
Bacterial counts in liver and spleen. At 24 and 48 h after infection, L monocytogenes colonies were quantitated in spleen and liver of mice. Whole organs were weighed and standardized portions of these tissues were removed, weighed, and homogenized in sterile saline. Homogenates were diluted serially and plated in duplicate on TSA-SB plates. The plates were incubated at 37°C for 24 h and colonies counted using a Model C-l 10 Bactronic colony counter (New Brunswick Scientific, New Brunswick, NJ).
Statistical analysis. Body weights and hematologic parameters were evaluated by analysis of variance (ANOVA) followed by Dunnett's test. These values were calculated by the Labcat (Innovative Programming Associates, Inc., Princeton, NJ) data capture software. Mortality data were evaluated using Fisher's Exact test, and immunologic assays were analyzed using either Dunnett's or Student's / test.
RESULTS

Effect of Pyr on Immunologic Parameters
Treatment for 30 days by oral gavage with 60 mg/kg Pyr resulted in statistically significant decreases in peripheral blood WBC and lymphocyte counts (Figs. 1A and IB) ; 30 mg/kg Pyr had no significant effect on WBC counts or other hematological parameters. Neither dose of Pyr caused significant changes from control values in neutrophils (Fig. 1C) , RBC or platelet counts, or hemoglobin levels (data not shown).
Percentages of T cells (CD3 + , CD4 + , and CD8 + ), macrophages/monocytes, and B cells in spleens of Pyr-treated mice were determined using flow cytometry. Data are presented in Table 1 . No significant differences in total spleen cell recovery were observed in Pyr-treated mice compared to untreated or vehicle-treated mice. Treatment with CY did result in significant decreases in total spleen cell numbers (data not shown). Treatment with CY or with 60 mg/kg Pyr resulted in a statistically significant decrease (p <0.01) in the percentage of splenic B cells. Since total spleen cell numbers were not changed by treatment with Pyr, decreases in percentages also reflect decreases in total numbers of B cells. Increases in percentages of T cells that corresponded to the decreases in B cells were observed in Pyr-and CY-treated mice. Since a fixed number of cells are counted in each analysis, the decrease in B cells results in a corresponding apparent increase in T cells.
The percentage of CD3 + T cells (total T cells) that expressed CD4 or CD8 was determined by use of a T cell gating method. Treatment with either 30 or 60 mg/kg Pyr did not alter the percentage of total T cells that were CD4 + or CD8 + ; however, a statistically significant decrease in CD4 + cells was observed in CY-treated mice compared to untreated mice. In summary, treatment with the highest dose of Pyr decreased the percentage of B cells in spleens without causing major changes in percentages of T cells or macrophages.
No significant differences in T cell proliferation in response to Con A were observed when mice treated for 30 days with 30 or 60 mg/kg Pyr were compared to mice treated with the vehicle (Table 2) . A statistically significant decrease in B cell proliferation was observed after treatment with 60 mg/kg Pyr.
T cell proliferation in response to stimulation by allogeneic cells is presented in Table 3 . Treatment with Pyr did not result in any decreases in T cell proliferation; in fact, statistically significant increases (p <0.05) were observed.
The ability of T cells to lyse allogeneic targets after a 5-day incubation with irradiated targets was measured in a 4-h 51 Crrelease cytotoxicity assay. Treatment with 30 and 60 mg/kg Pyr had no effect on T-cell-mediated cytotoxicity (data not shown).
Since the percentages of B cells were decreased in spleens, the ability of Pyr-treated mice to initiate an antigen-specific antibody response during Pyr treatment was evaluated. Mice were immunized with KLH/alum as described above, and KLH-specific IgM responses in the serum were measured on Day 7 after immunization (Table 4) . KLH-specific IgG responses were measured on Day 14 ( 
Mortality after Pyr Treatment and L monocytogenes Infection
Mice treated with either 30 or 60 mg/kg Pyr and infected with either 4 or 7 X 10 3 CFU of L monocytogenes exhibited 100% mortality at 8 days after infection, whereas a maximum of 7% mortality (1 of 15 mice) was observed in mice treated with the vehicle (Fig. 2) . There was a dose-related increase in mortality after treatment with 30 and 60 mg/kg Pyr when mice were infected with the lowest dose of L monocytogenes: treatment with 30 mg/kg resulted in 40% mortality and treatment with 60 mg/kg Pyr resulted in 87% mortality. No mortality was observed in the vehicle-treated mice infected with the lowest dose (2 X 10 3 CFU) of L monocytogenes. When mice were treated with CY and infected with the two highest doses of L. monocytogenes, mortality was 100% at 6 days after infection. The lowest dose of L. monocytogenes was not tested in these animals. Figure 3 illustrates survival as a function of time after infection with 2 X 10 3 CFU of L monocytogenes. All mice treated with MC survived infection. Two of the mice treated with 30 mg/kg Pyr died 6 days after infection, and 3 more had died by Day 8. The last death in this group occurred on Day 10, and 60% of these mice were alive at study termination. Four of fifteen mice (27%) treated with 60 mg/kg Pyr were found dead 4 days after infection, and by Day 5 only four (27%) of the mice remained alive. At 9 days after infection, two mice (13%) had survived treatment with 60 mg/kg Pyr. No further deaths were observed after Day 9.
To determine whether deaths were accompanied by an increase in the numbers of replicating bacteria after Pyr treatment, L monocytogenes counts in spleens and livers were determined at 24 and 48 h after infection. Data are presented in Table 6 . CFU were expressed both per milligram of spleen or liver and per total organ weight. The first value was calculated to normalize CFU and allow comparison between treatment groups. The second value (CFU/total organ weight) was calculated to account for effects of Pyr on spleen and liver weight. At both 24 and 48 h after infection, significantly more L monocytogenes colonies were present in both spleens and livers of mice treated with 60 mg/kg Pyr than in vehicle-treated or untreated mice. The number of CFU/mg spleen increased threefold between 24 and 48 h in Pyr-treated mice but did not change significantly in the other two treatment groups. The average spleen weight was significantly less at 48 h in Pyrtreated mice than in the two control groups.
The CFU/mg tissue was much lower in livers than in spleens at both 24 and 48 h, suggesting that at these time points L. monocytogenes accumulated preferentially in the spleen. In contrast to spleens, livers did not show an increase in CFU between 24 and 48 h postinfection.
DISCUSSION
The clinical observation of increased mortality in AIDS patients treated with Pyr prompted this immunotoxicity screening • Statistically significant (p <0.05) as determined by Dunnett's method when Pyr group was compared to 0.5% MC group and CY group was compared to untreated control group. study of the effect of Pyr on assays of T and B cell function and host resistance to L monocytogenes. The doses of Pyr used to treat mice in this study were chosen to mimic the toxic effects observed when humans were treated with Pyr as prophylaxis for TE. Since the doses of Pyr that are used clinically to treat TE are near toxic levels and require supplementation with leukovorin to counter bone marrow toxicity ("Physician's Desk Reference," 1994), mice in this study were treated with doses of Pyr that resulted in bone marrow toxicity, as assessed by decreases in WBC and lymphocyte counts in the peripheral blood.
Treatment with 60 mg/kg Pyr resulted in a significant decrease in the percentage of splenic B cells, accompanied by a decrease in 3 , 4 X 10 3 , or 7 X 10 3 CFU of bacteria. N = at least 15 for all treatment groups. Mortality in mice treated with Pyr at 30 or 60 mg/kg was significantly higher (p < 0.01) than in vehicle-treated mice, and mortality in CY-treated mice was significantly higher (p < 0.01) than in saline-treated animals at all concentrations of L monocytogenes. In three replicate experiments mortality in saline-or vehicle-treated mice ranged from 0 to 40% after infection with the highest challenge dose of L monocytogenes. NT, not tested. both splenic B cell proliferation and serum levels of anti-KLH IgM antibodies. No significant effects of Pyr were observed on anti-KLH IgG levels in the serum, measured 14 days after immunization with KLH. Since immunization occurred 4 days before termination of treatment with Pyr, and KLH was administered in alum, which acts as a depot for the antigen, it may be that there was a recovery in the ability of the animals to mount an antigenspecific antibody response after cessation of Pyr treatment. This recovery may not have been detected when IgM levels were assayed on Day 7 after immunization but was observable when IgG was measured on Day 14.
Treatment with Pyr caused no significant decreases in T cell or macrophage/monocyte percentages in the spleen or in T cell proliferation in response to mitogens or allogeneic cells. Ex vivo T-cell-mediated cytotoxicity was also unaffected. It is possible that the lack of effect on T-cell-mediated cytotoxicity was due to a recovery effect during the period of in vitro culture, since spleen cells from Pyr-treated animals were cultured for 5 days with allogeneic EL-4 cells in the absence of Pyr before cytotoxicity was assessed. However, since other assays of T cell function showed no effect of Pyr, it is more likely that this result is not due to recovery. In contrast to the lack of effect of Pyr on cell-mediated cytotoxicity, T cells showed an increased proliferation in response to allogeneic cells after treatment with Pyr. This result has been observed consistently in replicate experiments, and the cause of this increase is not currently understood.
Although few immunological changes were observed after treatment with Pyr, a dramatic increase in L monocytogenesinduced mortality was noted. This was best illustrated when mice were infected with 2 X 10 3 CFU of L. monocytogenes, a concentration that did not cause death in untreated mice. When Pyr-treated mice were infected with this dose of bacteria, a clear dose-related increase in deaths and decrease in time until death were observed. The increased mortality is interesting in light of the fact that Pyr showed no effect on T cell function, since host response to L monocytogenes is thought to be a T cell-rather than a B cell-mediated phenomenon. 7 ± 2 10± 2 70 ± 11* 3 ± 1 3 ± 0.5 64 ± 15* " N = 10 unless otherwise noted. * All statistical analyses on these data were performed with variance normalized using the natural log because of the large variance observed. c Mean ± SE. J N = 9. ' Methylcellulose. * Statistically significant (p <0.05) when compared to untreated control group at the corresponding time point, as determined using Dunnett's method. *• Statistically significant (p <0.05) when compared to 0.5% MC group at the corresponding time point, as determined using Student's / test *•• Statistically significant (p <0.05) when Pyr 24-h and Pyr 48-h treatment groups compared using Student's / test To obtain insight into the mechanism whereby Pyr causes increased mortality, bacterial burdens in spleen and liver were determined at 24 and 48 h after infection. Not only were bacterial burdens higher in both organs at both time points with Pyr treatment, but a comparison of numbers of organisms in spleens at 24 and 48 h revealed that replication was not being controlled in Pyr-treated mice to the same extent as in untreated or vehicle-treated mice.
The observation of effects of Pyr in the first day after infection and the lack of effects on T cell functions suggests that Pyr may be affecting mechanisms of innate immunity. The role of innate immunity in the resolution of L monocytogenes infection has been increasingly appreciated in recent years (Rogers et al., 1995) . Innate resistance to L. monocytogenes infection involves two components: inflammatory cells, particularly neutrophils that are recruited to the site of infection and T-cell-independent generation of interferon-7 (IFN-y) by NK cells in the presence of macrophage-generated cytokines (Rogers et al, 1995) . Production of IFN-7 further activates macrophages to antimicrobial activity, antigen presentation, and, ultimately, antigen-specific T cell activation. Neutrophils have been shown to kill L. monocytogenes in vitro by releasing oxygen intermediates and enzymes with anti-listerial activity (Czuprynski et al., 1984) and macrophages can kill the organism in part by production of nitric oxide from L-arginine (Beckerman et al, 1993; Hull, 1996) . Although no changes were observed in serum neutrophil levels in this study, cytokine production by macrophages and NK cells or production of nitric oxide and oxygen free radicals may be altered by treatment with Pyr. Assays are currently in progress to determine the effect of Pyr on these components of the innate immune system.
Infection with L. monocytogenes generally causes little pathology in immunocompetent individuals. However, pathology resulting from infection with this organism has recently been reported to be increasing and to be 145 times higher in AIDS patients than in the normal population (Jurando et al, 1993) . If the effects of Pyr to increase susceptibility to L monocytogenes infection that have been observed in mice are also found in humans, treatment with Pyr during a prophylactic regime for TE may put individuals at risk for development of listeriosis. In light of the increase in L monocytogenes infection in the AIDS population, it is important to determine the mechanism whereby Pyr acts in mice and to determine whether a parallel mechanism exists in humans.
